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In Brief Mansourian et al. report that flies show oviposition aversion toward feces from carnivorous mammals. Flies identify carnivore dung via phenol that is detected by neurons on the palps expressing Or46a. Phenol is produced by pathogenic bacteria, which are enriched in carnivore feces and presumably serves to signal the presence of harmful microbes.
SUMMARY
Feces is an abundant, rich source of energy, utilized by a myriad of organisms, not least by members of the order Diptera, i.e., flies. How Drosophila melanogaster reacts to fecal matter remains unclear. Here, we examined oviposition behavior toward a range of fecal samples from mammals native to the putative Southeast African homeland of the fly. We show that D. melanogaster display a strong oviposition aversion toward feces from carnivorous mammals but indifference or even attraction toward herbivore dung. We identify a set of four predictor volatiles, which can be used to differentiate fecal from non-fecal matter, as well as separate carnivore from herbivore feces. Of these volatiles, phenolindicative of carnivore feces-confers egg-laying aversion and is detected by a single class of sensory neurons expressing Or46a. The Or46a-expressing neurons are necessary and sufficient for oviposition site aversion. We further demonstrate that carnivore feces-unlike herbivore dung-contain a high rate of pathogenic bacteria taxa. These harmful bacteria produce phenol from L-tyrosine, an amino acid specifically enriched in high protein diets, such as consumed by carnivores. Finally, we demonstrate that carnivore feces, as well as phenol, is also avoided by a ball-rolling species of dung beetle, suggesting that phenol is a widespread avoidance signal because of its association with pathogenic bacteria.
RESULTS AND DISCUSSION
Flies Avoid Carnivore, but Not Herbivore, Feces We first examined egg-laying behavior of flies toward ecologically relevant fecal matter from mammals native to the Central Miombo woodlands-the putative ancestral habitat of D. melanogaster [1] . We chose to include three carnivores and nine herbivores. To record oviposition behavior, we used a two-choice assay, which was largely similar to the one described in Joseph et al. [2] . Mated females were left to oviposit for 24 hr, and provided a choice of pure standard cornmeal fly food, or food mixed with mammalian feces (50/50 mix). Food mixed with carnivore feces was strongly avoided, whereas food mixed with feces from herbivores was either ignored, or even attractive ( Figure 1A ). In the assay, flies were in direct contact with the stimuli, hence oviposition preference could stem from either olfactory or gustatory input (or from a combination of both senses). Thus, we next tested a quadruple olfactory mutant lacking the olfactory co-receptors Orco [5] , Ir25a and Ir8a [6] , as well as the CO 2 receptor subunit Gr63a [7] . Although possibly not fully anosmic, these flies should at least have a severely reduced sense of smell. In the oviposition assay, these flies showed no avoidance toward lion feces ( Figure 1B ). In addition, the mutant flies showed no oviposition bias toward valencene, a potent oviposition stimulus for flies [4] , nor any aversion toward geosmin, a microbial volatile that inhibits oviposition [8] (data not shown). We hence conclude that the behavior observed toward the fecal samples primarily stem from olfactory input, and that the assay predominantly reflects behavioral decisions based on smell. In conclusion, the smell of carnivore feces acts as a potent oviposition deterrent, whereas smells from herbivores is ignored or even preferred.
Phenol, Indole, Benzaldehyde, and p-Cresol Are Fecal Predictive Volatiles Next, we wanted to test which volatiles govern this selective egglaying behavior. To address this question, we analyzed the volatile content of the fecal samples via linked gas chromatography mass spectroscopy (GC-MS). The GC-MS analysis revealed a substantial variety of chemicals in the fecal samples ( Figure 1C ). In addition we also analyzed the volatile content of a range of objects of importance to flies, including fruits, man-made fermentation products and yeasts ( Figure 1D ). Again, GC-MS analysis revealed a large number of volatiles, which together with the fecal volatiles were used to generate a matrix composed of the relative abundance of each volatile across all samples ( Figure 1D ). To understand whether there are volatiles indicative of feces in general, i.e., volatile compounds enriched in (or even unique to) feces compared to non-fecal matter, we subjected this 23 3 165 matrix to a random forest (RF) analysis [9] , as implemented in R [10] . In brief, RF is a class of machine-learning algorithms used for mining large datasets for descriptive variables, and among many things, well suited for analyzing volatile profiles [11] . The RF classifier was first instructed to classify the 23 samples into fecal and non-fecal matter, respectively, and managed to do so correctly, as seen in the multidimensional scaling (MDS) plot based on the RF-derived proximity measurements (Figure 1E) . From the RF analysis we also obtained the mean decrease in accuracy (MDA) of the classification when individual variables (here, volatiles) are removed from the model. The highest impact on the MDA was noted from benzaldehyde and p-cresol (found only in the fecal samples, followed by isoamyl acetate found only in non-fecal samples) (data not shown). Next, using the VarSelRF package [12] , we sought to identify the smallest set of predictor variables able to separate fecal from non-fecal matter. The minimum set of variables needed for classification was again benzaldehyde, p-cresol and isoamyl acetate. We thus conclude that p-cresol and benzaldehyde are diagnostic fecal volatiles. We note with interest that benzaldehyde comes out in this analysis. Although this compound has a long history of use in fly olfactory research, an ecological context for this volatile has so far been lacking. We then sought to identify predictor volatiles distinguishing carnivore from herbivore feces. Both MDA values and VarSelRF analysis indicated indole and phenol as diagnostic of carnivore feces ( Figure 1F ). To summarize, although feces contains a wide range of chemicals, the presence of just four volatiles are sufficient to predict the presence of feces, of which two are specifically indicative of carnivore excrement.
Phenol Suppresses Egg Laying in Flies
Having identified descriptive fecal volatiles, we next analyzed their effect upon oviposition site selection (at 10 À2 dilution).
Both indole and p-cresol induced egg laying ( Figure 2A ). Phenol on the other hand caused egg-laying avoidance, whereas benzaldehyde was only moderately, but insignificantly, deterrent (Figure 2A) . The egg-laying aversion toward carnivore feces accordingly primarily stem from the presence of phenol. Carnivore feces, however, in addition also contain considerable amounts of indole, a compound that strongly induces oviposition. Interestingly, a mixture of equal amounts of phenol and indole (both at 10 À2 ) resulted in a negative oviposition index ( Figure 2B ), which indicates that the presence of the phenol overrides the attraction toward indole. This result is supported by the observation that flies provided a choice of food or food mixed with giraffe feces and phenol (10 À2 ) showed oviposition aversion toward the latter medium ( Figure 2C ). Geosmin, the aforementioned microbial metabolite, induces aversion at very low concentrations [8] ; hence, we next tested whether phenol triggers oviposition also at lower dilutions. Phenol at 10 À4 dilution, was still aversive, but less so, whereas phenol at 10 À6 was ignored ( Figure S1A ).
Thus, in comparison to geosmin, flies appear to be less sensitive to phenol. From lion feces we quantified a release rate of phenol of 2.2 pg/min, which is in the same range as the release rate of phenol from our experimental setup (3.9 pg/min for the 10 À2 dilution), suggesting that the released amounts the flies are exposed to are in the range a fly would encounter in nature. We next examined whether phenol also triggers positional avoidance. Flies showed aversion toward phenol at 10 À2 dilution, but no aversion at lower concentrations ( Figure S1B ). Hence, similar to valencene, which triggers oviposition but no positional preference [4] , phenol induces egg-laying aversion, but limited positional avoidance. Lastly, we assessed whether flies reduce their egg laying in the presence of phenol, which they also did. Flies given no choice but to lay eggs on food mixed with phenol laid significantly fewer eggs compared to flies provided fly food alone as oviposition medium ( Figure S1C ). We hence conclude that oviposition aversion toward carnivore feces appears to be dependent upon the presence of phenol, a compound that in itself affects oviposition site selection and oviposition rate and whose presence in an attractive odor background, renders this odor aversive.
Phenol Activates Or46a that Is Necessary for Carnivore Feces Detection Which olfactory pathway does phenol then activate? To identify the candidate olfactory receptors (ORs) detecting phenol, we first utilized a chemometric approach [3] . We calculated 32 chemodescriptors [13] for all (known) primary ligands of ORs and ionotropic receptors expressed in the adult fly [3, 4, 8, 14, 15] as well as for phenol. A principal component analysis (PCA) plot based on the normalized descriptors showed that phenol clustered closest to the so-far best ligand of Or46a ( Figure 2D ). This receptor has previously been shown to detect phenolic compounds, including phenol [16, 17] , and is expressed in the maxillary palps of the fly, more specifically in pb2B neurons [18, 19] . To verify that these neurons respond to phenol, we subsequently expressed the calcium indicator GCaMP6m [20] from Or46a-Gal4. This driver exclusively labels neurons in the distal part of the maxillary palps (in a pattern consistent with the pb2B distribution) ( Figures 2E and S1D ) and the VA7l glomerulus in the antennal lobe ( Figure 2F ), and nowhere else in the CNS (data not shown). Calcium imaging from Or46a-Gal4>UAS-GCaMP6m flies also revealed weak, but consistent, phenoldependent responses from the VA7l glomerulus ( Figures 2G-2I ). We next turned to a heterologous expression system to verify that Or46a binds phenol. We generated HEK293 cell lines with inducible expression [21] of Or46a together with Orco, which were functionally assayed for odorant-induced receptor activation using a fluorescent spectrophotometer. When screening phenol, as well as a number of structurally similar chemicals (and the other diagnostic fecal volatiles), we found that cells with induced Or46a expression responded most strongly to phenol ( Figure 2J ), whereas no odorant-induced signals were recorded from cells without induced expression ( Figure 2J) . How specific is then Or46a? To this end, we stimulated Or46a-expressing cells with a host of chemicals representing major chemical classes. None of these compounds generated any noticeable activity, suggesting that this receptor is principally tuned to compounds of a phenolic nature ( Figure 2K ). Having determined selectivity, we next examined sensitivity by screening the three primary agonists of Or46a identified across an $500-fold concentration range. Phenol was by far the most efficient agonist, inducing increased calcium signals at 1.6 mM, whereas the other ligands (m-cresol and p-cresol) required 4-fold higher doses for noticeable activity ( Figure 2L ). As noted, in comparison with geosmin, high doses of phenol were required for behavioral orange, (10) pear, (11) activity. In line with this observation, Or46a was also several orders of magnitude less sensitive to phenol than Or56a to geosmin ( Figure S1E ). Again, the moderate sensitivity of Or46a may presumably relate to the fact that phenol occurs in high amounts in feces -the ecologically relevant context in which flies would encounter this volatile in nature. Are the Or46a-expressing neurons then necessary for the phenol-induced oviposition aversion? To address this issue, we inhibited synaptic transmission from the Or46a sensory neurons via expression of the tetanus-toxin light chain protein (TNT) [22] from Or46a-Gal4. Flies carrying this construct showed no oviposition aversion toward phenol, whereas both parental controls exhibited oviposition aversion on a level with WT flies ( Figure 2M ). The Or46a-Gal4>UAS-TNT flies even exhibited a preference for media inoculated with phenol -presumably a consequence of phenol activating additional olfactory pathways conferring positive valence, such as Or71a, which also detects phenolic substances and mediates preferential egg laying [3] . Next, we wondered whether the Or46a neurons are necessary for the avoidance of lion feces. Indeed, Or46a-Gal4>UAS-TNT flies readily laid eggs on media mixed with lion feces ( Figure 2N ). Finally, we asked whether activation of the Or46a pathway alone is sufficient to induce oviposition aversion. To that end, we expressed a red-shifted channelrhodopsin construct-UAS-CsChrimson [23] -via Or46a-Gal4. As expected Or46a-Gal4>UAS-CsChrimson flies displayed egg-laying aversion toward red light (627 nm), unlike control flies ( Figures 2O and 2P) . In summary, phenol is detected by Or46a, which is expressed in a subset of sensory neurons on the maxillary palps. These neurons are necessary for the phenol-induced oviposition avoidance, as well as for detecting lion feces and presumably also feces of other carnivores. These neurons are moreover sufficient in themselves in eliciting oviposition avoidance.
Carnivore Feces Contains Harmful Bacteria that Produce Phenol
Why do flies specifically avoid carnivore feces? A possible reason might be that lion feces, and that of other carnivores, contain harmful bacteria not present in herbivore dung. Hence, we next compared the bacterial content of carnivore and herbivore feces by analyzing available bacterial 16S rRNA sequences [24] . We selected eight African mammalian species-five herbivores and three carnivores ( Figure 3A) . The 16S rRNA sequences (n = 2,137) were subjected to a Naive Bayesian classifier [25] that assigned taxonomic identity (in accordance with [26] ). From the eight mammals, we identified 47 bacterial families; the distribution and relative proportions of these (as inferred from the number of sequences per taxonomic unit) across the examined mammals are shown in Figure 3B . Bacterial family composition of carnivore and herbivores feces differed markedly [24] , as shown in the MDS plot ( Figure 3C ), based on an RF analysis of the matrix in Figure 3B . Highest impact on the MDA of the RF classification had bacteria from the families Ruminococcaceae, Prevotellaceae, Clostridiaceae:1, and Enterobacteriaceae (data not shown), where the two former families were only present in the herbivore samples, the latter two in the carnivores (Figure 3D) . We next examined the genera composition of these Clostridiaceae:1 and Enterobacteriaceae ( Figure 3E ). Sequences classified as belonging to Enterobacteriaceae were dominated by Escherichia/Shigella, whereas the Clostridiaceae:1 by Clostridium sensu stricto. As hypothesized, these genera contain a wide range of pathogenic taxa, causing severe diseases, in humans as well as flies, ranging from fatal intestinal infections (e.g., Shigella ssp [27] ) to neurotoxin-induced paralysis (e.g., Clostridium strains [28] ). Given that flies primarily identify carnivore feces via phenol, we next wondered whether there is a link between the harmful bacteria found in carnivore feces and phenol? Indeed, many Enterobacteriaceae do produce phenol, via an enzyme that converts L-tyrosine into phenol, pyruvate, and ammonia [29] . A high abundance of bacteria carrying the L-tyrosine-phenol lyase enzyme combined with a proteinrich diet, i.e., high in L-tyrosine, would hence account for the presence of phenol in carnivore excrement (as summarized in Figure 3F ). In short, unlike herbivore dung, carnivore feces contain a high rate of disease agents, which are detrimental not only to humans, but also to insects. This dichotomy may well explain why flies avoid carnivore feces and ignore, or even like, herbivore dung.
An Expert Opinion
Many of the bacteria present in carnivore feces would pose a threat also to other animals, including species habitually feeding on feces. Hence, we next consulted a bona fide fecal expert on this issue, namely, a dung beetle, Scarabaeus (Kheper) lamarcki actinidine, (31) ( Figure 4A ). This diurnal, South African species uses its keen sense of smell to locate a pile of dung [30] and then quickly sculpts a ball of the fecal matter to roll away for safe consumption underground ( Figure 4A ). To test the dung beetle's feeding preference for herbivorous versus carnivorous dung, we created an open olfactory binary-choice arena ( Figure 4B ), placed inside a wind tunnel with a laminar airflow. Starved beetles given a choice between lion and giraffe feces clearly preferred the latter ( Figure 4B ). This was consistent also after switching sides of the two stimuli. Starved beetles confronted with lion feces alone showed no attraction and stayed well clear of the lion odor plume ( Figure 4C ). Beetles given a choice between giraffe dung with or without phenol added avoided the phenol-spiked (10 À2 ) dung ( Figure 4D ). In summary, S. lamarcki, like the fly, find lion feces aversive and likewise avoid phenol. The presence of phenol may thus indicate the presence of harmful bacteria also to the dung beetle.
Conclusions
What is the ecological relevance of detecting and avoiding harmful mammalian excrement for a species specialized upon fermenting fruit? First of all, feces emit a wide range of volatile chemicals, of which many are shared with objects of interest to flies. For example, we found limonene in many of the fecal samples, a compound used by flies to identify fruit with thick epicarp-a favored oviposition substrate [4] . Moreover, encountering a whiff of feces would not be a rare event. Feces are abundant and may well be more commonly met than fruit, particularly in the native Southeast African habitat [1] , where fruit comes in a wide diversity but is scarce, localized, and subject to fierce competition. In short, having the sensory means to accurately identify feces, and in particular dangerous types, would certainly seem beneficial. We note that the identified pathway is initiated by sensory neurons housed on the maxillary palps. The significance of this organization, if any, remains unclear. Given that the palps are folded in flight, flies most likely track phenol poorly in active aerial search. In the ancestral Miombo habitat, fruit and feces are often co-occurring. Fruiting trees are essentially confined to termite mounds [31] , which are also frequented by mammals-either there for the fruit, or, as in the case of feline predators, for a lookout spot. The accumulation of mammals also means droppings abound. Thus, sites where fruit is found give off a mixed scent, and, by having the phenol detection system disabled in search flight, flies would not be swayed by a hint of a noxious odor present in a mix of positive smells. The sorting of fruit from feces would then be done at close range. Curiously, the Or46a neurons also co-express the gustatory receptor Gr5a [32] , which detects trehalose [33] . We tried sweetening lion feces by mixing in trehalose; this treatment had, however, no effect upon oviposition aversion (data not shown). The functional significance of a sugar receptor in these neurons remains to be determined.
The dangerous dung detection system we outline here is not the first olfactory pathway dedicated toward the detection of harmful microbes [8] . Yeast and bacteria play a crucial role in 
